Current wafer-scale fabrication methods for graphene-based electronics and sensors involve the transfer of single-layer graphene by a support polymer. This often leaves some polymer residue on the graphene, which can strongly impact its electronic, thermal, and mechanical resonance properties. To assess the cleanliness of graphene fabrication methods, it is thus of considerable interest to quantify the amount of contamination on top of the graphene. Here, we present a methodology for direct measurement of the mass of the graphene sheet using quartz crystal microbalances (QCM). By monitoring the QCM resonance frequency during removal of graphene in an oxygen plasma, the total mass of the graphene and contamination is determined with sub-graphene-monolayer accuracy. Since the etch-rate of the contamination is higher than that of graphene, quantitative measurements of the mass of contaminants below, on top, and between graphene layers are obtained. We find that polymer-based dry transfer methods can increase the mass of a graphene sheet by a factor of 10. The presented mass measurement method is conceptually straightforward to interpret and can be used for standardized testing of graphene transfer procedures in order to improve the quality of graphene devices in future applications.
INTRODUCTION
The remarkable electronic [1, 2] , thermal [3] [4] [5] and mechanical [6] [7] [8] properties of graphene have opened the door for many new electronic devices [9] [10] [11] [12] and sensors [13] [14] [15] [16] [17] [18] [19] [20] . Fabrication of these devices on wafer-scale often requires transfer of sheets of single-layer graphene grown by chemical vapor deposition, using a support polymer [21] [22] [23] [24] [25] [26] . It is inevitable that this introduces some transfer contamination on top of the graphene [27, 28] , significantly impacting the device's electronic [29] [30] [31] [32] [33] , thermal [34, 35] , or mechanical resonance properties [9, [36] [37] [38] [39] . A simple and accurate test to determine the amount of contamination on top of graphene is therefore of high interest to the community. However, due to the optical transparency, softness and small thickness of the contamination layers, with current popular characterization techniques such as Raman spectroscopy [40] , optical microscopy [41] and atomic force microscopy [42] it is difficult to detect, and even more difficult to quantify, the amount of contamination on top of large sheets of graphene.
Several works have determined the amount of contamination on top of graphene resonators by tracking the resonance frequency shift in response to an out-of-plane force [9, [36] [37] [38] [39] . However, these methods require knowledge of the mechanical properties of the resonator, which vary considerably from device-to-device, impacting the accuracy of resonance-based measurement methods [7, [43] [44] [45] [46] [47] . Moreover, resonance based methods only probe contamination over a small area of the suspended resonator, whereas large lateral variations in the amount of contamination can occur. For assesment of production techniques, it is important to have procedures that ensure low contamination levels over large areas.
Here, we present a method to determine the mass of graphene and of the contamination layers on top of graphene, between graphene double-layers, and below graphene. We employ quartz crystal microbalances (QCM), which are piezoelectric quartz crystals that can be brought into resonance by applying an oscillating voltage [48] . QCMs are popular tools to measure growth rates during thin film deposition and in biochemical applications [49, 50] , because of their simplicity and high accuracy. In this work we demonstrate the use of QCMs to determine the mass of graphene and contaminants by an in-situ measurement during oxygen plasma etching. In contrast to mechanical resonance based methods, the proposed method is no longer sensitive to the mechanical properties of the graphene and thus facilitates a direct measurement of the mass and furthermore allows large areas of graphene to be studied.
EXPERIMENTAL SETUP AND PROCEDURE
The sensors consist of AT-cut piezoelectric quartz crystals (Noveatech S.r.l. AT10-14-6-UP) between two gold contacts, vibrating at a resonance frequency near 10 MHz. A Piranha solution and oxygen plasma treatment (a) Experimental procedure to measure the mass of graphene using the quartz crystal microbalance (QCM). The measurement starts with a QCM with a sheet of CVD graphene covering one of the electrodes. The oxygen plasma etches away the graphene and any contaminants until the etching stops. Continuous monitoring of the resonance frequency of the crystal allows one to determine the mass that has been removed by the plasma. (b) Experimental setup to determine the mass of graphene during plasma etching. The QCM and temperature sensor are mounted on a KF40 flange with electrical feedthroughs to an ICP etching chamber. Outside the vacuum chamber the oscillator circuit processes and conditions the signal from the QCM which is then read-out using a frequency counter. A platinum resistor pt1000 thermometer determines the temperature near the QCM.
on both sides are used to clean the sensors of all organic contaminants, no significant organic contamination remains after this process as shown in Supporting Information S3. Large sheets of graphene grown by chemical vapour deposition (CVD) are transferred on top of one of the electrodes using a widely used dry transfer method [21] . It is ensured that the graphene sheet fully covers the electrode. A second layer of graphene is transferred on some of the crystals to create double-layer graphene.
No attempts are performed to clean the graphene after transfer, since we are interested to see the amount of transfer residue on top of the graphene as a result of this process. Figure 1 (a) shows the experimental protocol to measure the mass of graphene. The crystal with CVD graphene is placed in the plasma chamber. Oxygen plasma etches the graphene and organic residues, which reduces the mass on top of the crystal that results in an increase of the QCM resonance frequency. The resonance frequency of the QCM is continuously monitored during the etching process. Stabilization of the resonance frequency indicates full removal of the graphene and all the organic contaminants from the QCM. The shift in the resonance frequency ∆f can be related to the removed mass using the Sauerbrey equation [48] :
where ρ is the density, h the thickness of the material on top of the QCM, and the constant C is given by the properties of the quartz crystal:
where ρ q is the density of quartz, µ q the shear modulus and f 0 = 10 MHz the unloaded resonance frequency of the crystal. For the crystals used in this work, a single monolayer of graphene with a mass density of ρh graphene = 0.76 mg/m 2 corresponds to a theoretical resonance frequency shift of 17.19 Hz.
Figure 1(b) shows the experimental setup to measure the resonance frequency of the crystal during etching. We use a reactive ion etcher (Leybold Hereaus Fluor F2) in a class 10000 (ISO7) cleanroom as the plasma chamber. A blind vacuum flange is adapted to create electrical feedthroughs to the chamber, and connected to a KF-40 port on the plasma chamber. A vector network analyzer (VNA) interrogates the resonance frequency of the membrane by a transmission measurement. Alternatively one can use a commercially available oscillator circuit as shown in the Supporting Information S1. However, the VNA produces the best results as it is not sensitive to the interference from the RF plasma at 13.56 MHz-the homodyne detection scheme rejects these frequencies. The oscillator circuit, on the other hand, will often lose lock on the mechanical resonance frequency when the plasma ignites, eliminating measurement data during the etching process (see Supporting Information S3). A pt-1000 temperature sensor is placed in the cham-ber near the crystal to monitor the temperature, because this affects the resonance frequency. The uncertainty in the resonance frequency is determined by three factors, as shown in the Supporting Information S2. First, the frequency dependence of the crystal on temperature, which is characetrized in a subsequent measurement. Second, the occurrence of a small (∼3 Hz) jump when the RF power is switched on, and third, the occurrence of random frequency jumps during the measurements which possibly occur due to spurious modes. Figure 2 shows the resonance frequency of four graphene-covered sensors as a function of the etch time in an oxygen plasma. Samples covered with single-layer graphene are shown in Fig. 2 (a) . After the plasma is switched on, the resonance frequency rapidly increases which indicates the removal of mass from the sensor. We observe that after approximately 20 seconds, the etch rate decreases considerably. After some time, however, the etch rate slightly increases again before the frequency stabilizes. In crystal 1, this corresponds roughly to a monolayer of graphene being etched, while in crystal 2 more mass is removed in this slower regime. A total mass corresponding to 10.8 ± 0.4 layers of graphene is removed from crystal 1, while a total of 12.2±0.4 layers was removed from crystal 2. The total uncertainty of these measurements is determined to be 7 Hz, thus achieving sub-monolayer accuracy in the mass.
RESULTS
Results on the stacked double layers of graphene are shown in Fig. 2(b) . Similar to the case of the single-layer graphene, the etching slows down considerably after approximately 40 to 50 seconds. After this, the etching rate increases significantly. In crystal 2, a second decrease in the etching rate is observed at approximately 130 seconds of etching time. Later, the etching rate increases again and finally stops. In crystal 1, this second decrease in etching rate is less prominent due to spurious frequency jumps near 200 seconds and 300 seconds. A total mass corresponding to 16.0 ± 1.1 monolayers of graphene is removed from crystal 1, while 14.0 ± 1.1 monolayers are removed from crystal 2. The more frequent occurrence of random jumps during the measurements of these samples cause a higher uncertainty compared to the single-layer crystals. Possible causes of the random jumps are outlined in the Supporting Information S2.
The total etched mass of all the sensors used in this work are shown in Table I . The remaining etching curves that are not shown in Fig. 2 are given in the Supporting Information S3. For the double layer crystals, we etch away on average an equivalent mass of 16.7 monolayers of graphene while for the single layers we etch away 11.8 layers of graphene. 
DISCUSSION
We first discuss the observed variation in the etch rate, in particular the slow etching regimes in the double-layer samples. By comparing the single layer and double layer samples in Fig. 2 , we conclude that the slower etch rate can be attributed to the graphene, since the double layer samples typically show a second decrease in the etching rate. The results thus show that graphene etching rate is much slower than the contamination. From the data with SLG in Fig. 2(a) , we conclude that most of the contamination is present on the top side of the graphene since initially most of the mass is removed and after the etching slows down it does not increase again. This makes transfer residues from the polymer a likely source of the contamination. On Crystal 2 with SLG, significantly more mass (approximately 1.5 graphene monolayers) is removed in the slow etching regime, which might indicate the presence of contamination underneath the graphene. Possible sources of contamination underneath graphene could be water that is known to accumulate between graphene and the substrate [51] , or insufficient cleaning of organic contaminants from the QCM before transfer. In the Supporting Information S3, we show a measurement at much lower plasma power of 4W. At these powers, graphene was not fully removed but rather oxidized as shown by Raman spectroscopy, confirming the slow etching rate of graphene with regard to the contamination.
The measurements of double layer graphene samples in Fig. 2(b) provide further evidence that the slower etch rate can be attributed to the graphene. One interpretation of the data is that the etching of the first graphene layer causes a significant decrease in the etching rate after 40 seconds and the less-prominent second decrease can be attributed to the second graphene layer. Since the etching rate significantly increases after slowing down, we conclude that the stacking of these layers effectively results (from bottom to top) in a grapheneresidue-graphene-residue stack. While the first region with a slow etch rate shows a relatively sharp decrease in etching rate, the second slow regime is considerably (a) Frequency shift as a function of etch time for two crystals covered by single layer graphene. At time 0 the oxygen plasma is switched on. Both crystals show an initial high etch rate which rapidly decreases after ∼20 seconds, followed by a slight increase until the frequency settles. The uncertainty bar is determined by (1) the temperature dependence of the frequency, (2) a small jump in frequency when the RF power is switched on and (3) the occurrence of sudden jumps in the frequency (see supplemental information). The total uncertainty is determined to be 7 Hz. (b) Frequency shift for two crystals covered with double-layer graphene. These crystals show a striking decrease in etching rate, after which the etching rapidly increases again. At approximately 130 seconds, crystal two features a second decrease in the etch rate. The uncertainty is larger with respect to the single-layer devices due to the more frequent occurrence of jumps in the frequency.
smoother. This may be due to lateral non-uniformities in the etch rate or contamination thickness, which result in variations in the time when the second graphene layer is reached and etched. One striking observation is that the addition of the second graphene layer increases the mass by only ∼40%, instead of doubling the mass. From the experiments (Fig. 2) it appears that the additional mass can be attributed to the top contamination layer of the single layer graphene, while this layer is significantly thinner in the double-layer samples. The underlying cause of this observation is currently unknown.
The method presented here can be used in several future technological applications. For example, the frequency range of tunable oscillators [10, 52, 53] and the responsivity of resonating pressure sensors [17] [18] [19] 36] is significantly impacted by the mass-per-unit-square of the device. The method is also a useful technique to determine the presence of contamination. The electron mobility of graphene, for example, is significantly impacted by contaminants [29] [30] [31] [32] [33] . Graphene has also been proposed as heat spreaders for thermal management in electronic circuits [54] , but contaminated samples also show a significantly lower thermal conductivity [34, 35] . For upscaling electronic and thermal graphene applications to the wafer scale, the proposed QCM method can be used to select the best transfer technique to produce high-quality graphene devices. Furthermore, the QCM method no longer requires the fabrication and testing of devices to optimize the transfer procedure [29] [30] [31] [32] [33] , which simplifies the procedure and improves the throughput of the optimization process. The QCM method thus enables large-scale quality control of graphene sheets. Moreover, since graphene etches much slower than the contamination, the technique can discriminate between the amount of contamination underneath and on top of the graphene.
For research, the method is useful to study the mass of wrinkled graphene membranes to reveal their hidden area [55] , for example graphene transferred on smooth or rough substrates. Furthermore, the QCM measurement can be a corroboration to the number of layers revealed by Raman spectroscopy [40] . In particular, the method is accurate enough to count the number of layers on fewlayer graphene samples, in the regime where this is difficult to achieve with Raman spectroscopy. Moreover in heterostructures or other stacks of multilayer 2D materials the QCMs are useful to reveal the presence of trapped residual materials, which can hamper the interlayer coupling that gives these stacks their favourable properties.
Future work on this QCM method can focus on high-temperature measurements, enabling one to study and optimize annealing proceduces to clean graphene [28, 29, 56] . Recent advances in microbalance technology has resulted in GaPO 4 crystals with operating temperatures exceeding 900
• C, which could even facilitate in-situ study of chemical vapour deposition of graphene on certain metal thin-films [57, 58] . Furthermore, the applicability of QCM's in liquids could also be useful to study chemical cleaning of graphene [27, 30, 59] in-situ and optimize the process. This would in particular be interesting with regard to oxide and metal contaminants which are not removed by oxygen plasma. It would also be interesting to compare and benchmark transfer meth-ods, for example transfer in air versus vacuum [60] or wet versus dry transfer techniques.
CONCLUSION
We present a method to determine the mass-per-unitsquare and etch rate of CVD-grown graphene sheets using quartz crystal microbalances. This is achieved by etching graphene on a QCM in oxygen plasma and measuring the resonance frequency of the crystal in-situ. We find that by using a widely used dry transfer method, the mass of single-layer graphene sheet is observed to be ten times higher than the theoretical mass of graphene. The timedependence of the etching rate shows that most of the contamination is on top of the graphene. The method is useful for quality control of large sheets of graphene for future sensing, electronic and thermal applications. Part of the measurements in this work are performed by using a commercially available oscillator circuit mounted in a metal box as shown in Fig. 3 . This is the openQCM Arduino shield (openQCM-ARDSHLD-2), where the crystal is normally mounted directly to the QCM using a holder. However, our application of the crystal in vacuum requires the PCB to be mounted outside the chamber. Therefore, the PCB is placed in a metal box and the connections, that normally connect directly to the crystal, are now connected to the center pins of two SMA connectors. SMA cables can then be connected to the KF-40 vacuum flange, which also uses SMA connections for the electrical feedthroughs. The DC voltage, that is normally supplied by an Arduino, is now supplied by an external voltage source (Rigol DP832A). A BNC connector carries the signal from the PCB to the frequency counter (Keysight 53230A) through a 50 Ohm resistor. This resistor matches to the load of the frequency counter and it is found that this drastically improves signal quality.
S2: DETERMINATION OF UNCERTAINTY IN THE FREQUENCY SHIFT
The quartz crystal microbalance is a highly sensitive platform for mass measurement, but is also sensitive to temperature and other effects which leads to some uncertainty in the measurements. For this reason, the temperature in the chamber is monitored during the etching as shown in Fig. 4(a) . To give an estimate of the uncertainty, after each etching procedure the measurement of the frequency and temperature continued after the RF power was switched off. During this measurement the temperature drops (Fig. 4(b) ) and a frequency shift is observed (Fig.  4(c) ). Also, immediately after switching on the RF power a ∼3 Hz jump in the frequency is observed. The cause of this is not known, therefore we add this to the uncertainty as well. By plotting the frequency shift versus the temperature in Fig. 4(d) , we determine the sensitivity of the resonance frequency to the temperature. In this crystal, the total temperature change during etching is 0.95K, resulting in a total temperature uncertainty of 4 Hz. The total uncertainty including the RF jump is then determined to be 7 Hz. In all crystals we found similar values.
For the double layer crystals the uncertainty is higher due to the occurrence of spontaneous jumps in the frequency. Most likely these can be attributed to spurious modes in the crystal or coupling to other modes. However, we cannot rule out that these jumps occur due to particles attaching or detaching to the crystal, therefore the height of these jumps was included in the uncertainty. Table 1 in the main section of the paper. These measurements are taken by the oscillator circuit, but we find that the oscillator circuit becomes often becomes unstable once the RF power is switched on, and the circuit has to be reset numerous times until it locks to the correct frequency. This leads to missing data points, however the start and end frequency still provide information of the amount of mass removed from the crystal. The problem is amended by using the vector network analyzer, alternatively one could use better holders to reject the interference from the electric field inside the plasma chamber.
Measurements at low power Figure 6 (a) shows measurements at low RF powers of 4 W. We observe that the frequency increases and stabilizes at around 400 seconds. However, when Raman characterization was performed in Fig. 6(b) , is it found that the graphene is not fully removed, and the Raman spectrum bears signatures of graphene oxide [61] . This shows that the graphene first oxidizes before it is removed from the system. In subbsequent measurements a higher power was used to ensure graphene is fully removed from the crystal. shows measurements on a crystal without graphene that has undergone the same cleaning procedure. The RF power was switched on and off to test whether the plasma could ignite in a stable manner with this recipe and to test the stability of the frequency measurement. The frequency changes considerably during the measurement, however this can be attributed to the temperature changes in the plasma chamber. Using the frequency as function of temperature when the plasma is off, the measurement can be corrected for the temperature (red line in Fig. 7(a) ). In that case, the frequency shift is less than 0.2 Hz, which is neglectable compared to the other uncertainties in the system.
